Solar twins and the Barium puzzle by Reddy, Arumalla B. S. & Lambert, David L.
ar
X
iv
:1
70
7.
07
05
1v
1 
 [a
str
o-
ph
.SR
]  
21
 Ju
l 2
01
7
Draft version September 17, 2018
Preprint typeset using LATEX style emulateapj v. 01/23/15
SOLAR TWINS AND THE BARIUM PUZZLE
Arumalla B. S. Reddy and David L. Lambert
W.J. McDonald Observatory and Department of Astronomy, The University of Texas at Austin, Austin, TX 78712-1205, USA
Draft version September 17, 2018
ABSTRACT
Several abundance analyses of Galactic open clusters (OCs) have shown a tendency for Ba but not for other
heavy elements (La−Sm) to increase sharply with decreasing age such that Ba was claimed to reach [Ba/Fe]
≃ +0.6 in the youngest clusters (ages < 100 Myr) rising from [Ba/Fe]= 0.00 dex in solar-age clusters. Within
the formulation of the s-process, the difficulty to replicate higher Ba abundance and normal La−Sm abundances
in young clusters is known as the barium puzzle. Here, we investigate the barium puzzle using extremely high-
resolution and high signal-to-noise spectra of 24 solar twins and measured the heavy elements Ba, La, Ce,
Nd and Sm with a precision of 0.03 dex. We demonstrate that the enhanced Ba II relative to La−Sm seen
among solar twins, stellar associations and OCs at young ages (<100 Myr) is unrelated to aspects of stellar
nucleosynthesis but has resulted from overestimation of Ba by standard methods of LTE abundance analysis in
which the microturbulence derived from the Fe lines formed deep in the photosphere is insufficient to represent
the true line broadening imposed on Ba II lines by the upper photospheric layers from where the Ba II lines
emerge. As the young stars have relatively active photospheres, Ba overabundances most likely result from the
adoption of too low a value of microturbulence in the spectum synthesis of the strong Ba II lines but the change
of microturbulence in the upper photosphere has only a minor affect on La−Sm abundances measured from the
weak lines.
Subject headings: stars: abundances – stars: activity – Galaxy: abundances – (Galaxy:) open clusters and
associations: general
1. INTRODUCTION
Chemical Evolution of the Galaxy (GCE) is a topic rich in
puzzles that demands observers must continually provide new
data to constrain models of stellar nucleosynthesis and stel-
lar evolution. One such contemporary puzzle is the surpris-
ing claim by D’Orazi et al. (2009) that the barium abundance
in open clusters (OCs) increases with decreasing age of the
cluster. The standard local thermodynamic equilibrium (LTE)
abundance analysis of the Ba ii 5853 Å and 6496 Å lines in
FG dwarfs in 10 OCs with ages from 35 Myr to 8.4 Gyr and
red giants in 10 OCs older than 700 Myr gave [Ba/Fe] ∼ +0.6
dex in the youngest clusters (age< 100Myr) decreasing to 0.0
dex in clusters older than the Sun. The [Ba/Fe] values are sys-
tematically higher in clusters analysed for giants (see Figure
1). This apparent overabundance of [Ba/Fe] in young clusters
is referred to as the barium puzzle. Figure 1 constructed from
the [Ba/Fe] values in OCs D’Orazi et al. (2009) and FG field
dwarfs (Edvardsson et al. 1993; Bensby et al. 2014) illustrates
the barium puzzle.
Another dimension to the puzzle was provided by
D’Orazi et al. (2012) who analysed F and G dwarfs in three
associations (ages 50-500 Myr) finding that Y, Zr, La and Ce
relative to Fe had solar ratios except for Ba which is over-
abundant but by only about 0.2 dex. Our abundance analy-
sis of FGK dwarfs (Reddy & Lambert 2015) in five local as-
sociations (Orion, Argus, Subgroup B4, Hercules-Lyra and
Carina-Near) spanning the age range 3 Myr for Orion (Walker
1969; Blaauw & Morgan 1954) to 200 Myr for Carina-Near
(Zuckerman et al. 2006) supports D’Orazi et al. (2012)’s re-
sults and confirms solar abundance ratios for all elements
(Na−Ni, Y, Zr, La−Eu) but for Ba which was overabundant
by +0.07 dex (Orion) to +0.32 dex (Argus, Carina-Near). The
fact that the Ba abundance for the youngest solar metallicity
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Fig. 1.— The average [Ba/Fe] versus age for dwarfs and giants in
OCs (D’Orazi et al. 2009) and for the Galactic disk field dwarfs from
(Edvardsson et al. 1993, open circles) and (Bensby et al. 2014, filled trian-
gles) covering the [Fe/H] range −0.3 to +0.3 dex of the OCs. The average
[Ba/Fe] values for the stellar associations analysed by D’Orazi et al. (2012)
and Reddy & Lambert (2015) are shown as filled circles and filled rhom-
buses, respectively.
associations is much less than the value ∼ 0.6 dex reported for
the OCs IC 2391 and IC 2602 of ages < 50 Myr is another
aspect of the barium puzzle (Figure 1, see also the Figure 6 in
D’Orazi et al. 2012). How can associations and OCs of com-
parable age have very different chemical compositions ?
Within the constraints of the s-process operation in AGB
stars, the higher Ba yield should be accompanied by higher
yields of other s-process elements La and Ce, also Nd, and
Sm (Busso et al. 1999). However to account for the high Ba
abundance in OCs, Mishenina et al. (2015) reintroduced the
intermediate neutron-capture i-process discussed earlier by
2 Reddy and Lambert
Cowan & Rose (1977) in which the neutron density operating
the process is approximately 1015 cm−3. i.e., intermediate be-
tween the low densities for the s-process and the much higher
densities necessary for the r-process. But the abundance
predictions from the i-process (Figure 6 in Mishenina et al.
(2015)) are very much different from those measured in OCs
and associations: [Ba/La] ≃ 1.2 with [Eu/La] ≃ −0.5 are pre-
dicted but the results for OCs and associations are [Ba/La]
∼ 0.4 and ∼ 0.2, respectively with [Eu/La] near 0.00.
The difficulty in replicating [Ba/La] values of about +0.2
to +0.4 dex by operation of the s-process in AGB stars
(Busso et al. 1999) and the large increase in Ba abundance
in a very short Galactic time scale (< 100 Myr) encourages
one to solve the Ba puzzle not through stellar nucleosynthe-
sis but through alterations to the standard model atmospheres
and line formation including the simple device of adapting the
microturbulence (see Reddy & Lambert 2015).
Our attempt (Reddy & Lambert 2015) to resolve the Ba
overabundance in young OCs and local associations using the
Ba I 5535 Å line was limited by the strong temperature sensi-
tivity of the Ba I line that returned a solar Ba abundance for
stars with effective temperature of the Sun but increasingly
subsolar Ba abundances for cooler stars with apparent Ba de-
ficiencies of 0.5 dex at 5100 K. This disturbing trend with
temperature was interpreted as a strong non-LTE effect on the
Ba i line. Here, a reassesment of the Ba I line’s contribution to
the spectrum of FGK dwarfs concludes that the contribution is
minimal and, thus, contrary to Reddy & Lambert (2015) the
Ba I line is not a useful abundance indicator.
In this paper, a sample of solar twins is analysed and pro-
vides an excellent opportunity to overcome all sorts of sys-
tematic uncertainties including the non-LTE effects. One such
sample with ratios of [Ba/Fe] correlating well with stellar age
was reported recently by Nissen (2016) for 21 solar twins.
In addition, we included three solar twins (HD 42807, HD
59967 and HD 202628) whose stellar parameters and [Fe/H]
values determined using the 1D-LTE MARCS models are avail-
able from Ramı´rez et al. (2014).
Twenty-one solar twins chosen for abundance analysis by
Nissen (2015, 2016) were taken from the analysis of HARPS
spectra (Mayor et al. 2003) by Sousa et al. (2008). The stars
cover the age range 0.4 to 10 Gyr with spectra having a signal-
to-noise ratio (S/N) ≥ 600 and the stellar parameters within
±100 K in effective temperature, Teff, ±0.15 dex in surface
gravity, log g, and ±0.11 dex in metallicity, [Fe/H], about the
solar values. By exploiting these extremely high S/N and res-
olution (R ≃ 115,000) HARPS spectra, Teff and log g were
reestimated by Nissen (2015) who also measured chemical
abundances for elements C, O, Na, Mg, Al, Si, S, Ca, Sc,
Ti, Cr, Mn, Fe, Ni, Cu, Zn, Y, and Ba by (Nissen 2015,
2016). The estimated 1-sigma errors in stellar parameters are
σ(Teff) ∼ ±6 K, σ(log g) ∼ ±0.012 dex, and abundances were
measuredwith a typical precision of±0.01 dex (Ramı´rez et al.
2014; Nissen 2016). The primary stimulus for this paper
was Nissen’s reported increase in [Ba/Fe] with decreasing age
(Figure 4 of Nissen 2016) such that Ba was claimed to reach
[Ba/Fe] ≃ +0.2 for stars younger than 6 Gyr and flatten out at
a level of −0.03 dex for stars older than 6 Gyr.
In this paper, we expand the the information available on
heavy elements in solar twins to the suite of elements La, Ce,
Nd, Sm. This is the first time that the solar twins have been
exploited for a thorough investigation of the Ba puzzle via the
analysis of lines of Ba and other heavy elements. More im-
portantly, we examine if the abundances Ba−Sm across the
sample of solar twins depend on stellar activity as measured
by the Ca IIH and K index logR′HK. Stars with active chromo-
spheres are likely to have an upper photosphere differing from
that predicted by a classical model atmosphere and, hence,
strengths of strong lines such as the Ba ii lines may be incor-
rectly modeled. We compare the results for solar twins with
measurements for FGK dwarfs in OCs and stellar associations
in the Galactic disk.
The layout of the paper is as follows: In Section 2 we de-
scribe the assembly of the spectra, LTE analysis of the Ba II
5853Å and lithium lines and explore the [Ba/Fe] and log ǫ(Li)
versus age of the solar twins. Section 3 presents the abun-
dance analysis of elements La, Ce, Nd, Sm and their varia-
tion with stellar age, and closes with a short discussion on
the barium abundance in relation to other heavy elements. In
Section 4 we investigate the relation of heavy elements in the
solar twins, associations and OCs to the stellar chromospheric
activity. Finally, in Section 5 we provide our conclusions con-
cerning the major advancements of this paper in the resolution
of the Ba puzzle in OCs and stellar associations.
2. THE SAMPLE OF SOLAR TWINS
Multiple reduced spectra of 24 solar twins and the Sun (re-
flected light from the asteroid Vesta) were retrieved from the
ESO public archive with program IDs 072.C-0488, 074.C-
0364, 088.C-0323, 183.C-0972, 188.C-0265, 192.C-0224.
All these targets were observed with the HARPS spectro-
graph (Mayor et al. 2003) at the 3.6-m telescope of the La
Silla observatory whose spectra corresponds to a resolution of
R ≃ 115,000. Multiple spectra of a given star were Doppler
corrected and coadded to give a spectrum with S/N>600 for
all solar twins while the S/N ratio of the solar spectrum equals
about 1100. All these targets are confirmed solar twins cov-
ering a limited range of 5690 to 5871 K in Teff, 4.25 to 4.54
in log g, ±0.11 dex in [Fe/H] and the stellar masses similar to
the Sun (M= 1.0±0.07 M⊙) but having a range in ages from
0.4 to 10 Gyr and logR′HK values of −5.0 to −4.4. Adopt-
ing the set of MARCS model atmospheres (Gustafsson et al.
2008) and the Uppsala BSYN program, Nissen (2015, 2016)
measured the chemical abundances of 21 stars for many ele-
ments including two s-process elements Y and Ba. Details of
observations and chemical abundances of many elements will
be found in those papers. The three solar twins (HD 42807,
HD 59967 and HD 202628) taken from Ramı´rez et al. (2014)
have stellar parameters and only [Fe/H] values determined us-
ing the 1D-LTE MARCS models. In this paper, we extend the
abundance analysis to Li and heavy elements Ba, La, Ce, Nd
and Sm in 24 solar twins.
2.1. The Ba i 5535 Å line
In cool dwarfs and giants, barium is heavily ionized and
the Ba ii lines are normally very strong and, as a result, the
Ba abundance is uncertain. An alternative determination of
the Ba abundance from Ba i lines would be of great value.
We (Reddy & Lambert 2015) used the Ba i resonance line at
5535.481 Å to determine the Ba abundance in FGK dwarfs
following a synthesis of the line in the solar spectrum. Syn-
thesis is demanded because the Ba i line’s contribution falls in
the red wing of a strong Fe i line; a potential Ba i signature is
seen as an inflection in the Fe i line’s red wing. In our 2015
syntheses, the g f -value of the Ba i line was adjusted so that
the solar 5535 Å blend was fitted with the Ba abundance set
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at the solar value. This ‘astrophysical’ gf-value when adopted
for stars gave sensible results for dwarfs with effective tem-
peratures greater than about 5800K. The 5535Å line in cooler
stars gave increasingly subsolar Ba abundances reaching −0.5
dex at about 5100 K.
On reflection, the 2015 synthesis and its application is seri-
ously flawed by the misidentification of the solar line as due
to Ba I. Most critically, the g f -value of 5535 Å Ba i resonance
line is determined by experiment to 1-2 % (Kelly & Mathur
1977; Klose et al. 2002; Curry 2004) to be log g f = 0.215 but
the 2015 solar synthesis adopting the inverted solar g f -value
required an increment of almost 1 dex over the g f -value es-
timated from the experiments. The obvious conclusion must
be that another and significant line is present in the Fe i – Ba i
blend. A search of the usual sources has not uncovered the
contributing atom, ion or molecule. Kurucz’s list1 offers two
very weak excited Fe i lines as possibilities but their g f -values
have to be increased at least a 1000-fold to match the solar
spectrum when the Ba i line given its correct strength. In-
troduction of an Fe i line improves the fit to the blend across
the effective interval 5000 to 6500 K but the impression is
that the unidentified line has a higher excitation potential than
the lines from Kurucz. Given that the Ba i resonance line
makes only about 15 % contribution to the solar blend and
the unidentified line makes 85 % contribution, we now dis-
card the Ba i resonance line as a potential indicator of the Ba
abundance.
2.2. Ba ii line abundances
We have synthesized the Ba II 5853 Å lines in the solar
twins using the ODFNEW grid of Kurucz model atmospheres
Castelli & Kurucz (2004) interpolated linearly to the stellar
parameters (Teff, log g, ξt) and metallicity presented in Table
1. The line list adopted in the spectrum synthesis is taken
from (McWilliam 1998) and the same was employed previ-
ously for the abundance analysis of dwarfs in stellar associa-
tions (Reddy & Lambert 2015). The synthesis has been done
in a standard way using the synth driver of MOOG assuming
LTE. Our adopted line list for Ba II line includes the hyper-
fine structure components and isotopic shifts, and the frac-
tional contribution of each isotope (Lodders 2003) to solar
system Ba abundances. The total error on the measured bar-
ium abundances is estimated by adding in quadrature the sum
of errors introduced by uncertainties in atmospheric parame-
ters and spectrum synthesis. The total error in the meaured Ba
abundances is about 0.03 dex.
Our Ba abundance is derived assuming LTE. Non-LTE
computations by Korotin et al. (2015) for the Ba+ ion show
that the differential non-LTE corrections in [Ba/Fe] are less
than −0.01 dex for dwarfs covering the Teff and gravity ranges
of the solar twins considered here. Hence, the non-LTE Ba
abundance of the Ba II 5853 Å line in stars will not be very
different from the LTE value. We have also used other strong
Ba II 4554 Å and 6496 Å lines but the Ba II abundance in this
paper refers to Ba II 5853 Å line abundance, as the 5853 Å
line, the weakest of Ba II lines, is widely used as an indica-
tor of Ba abundance in stars. The non-LTE corrections for
both Fe I and Fe II lines are negligible for the dwarfs over the
[Fe/H] range covered by the present sample of solar analogues
(The´venin & Idiart 1999). Therefore, the global behaviour of
[Ba/Fe] (or any [X/Fe]) is unchanged with [Fe/H].
1 http://kurucz.harvard.edu/linelists.html
Fig. 2.— Comparison of synthetic profiles (red and blue) with the observed
spectrum (black dots) of the solar analogue HD 96116 near the Ba II 5853.7
Å line. The best fit value of +0.22 dex and solar value of [Ba/Fe] are shown
in red and blue, respectively.
Fig. 3.— Comparison of our [Ba/Fe] ratios from the Ba II 5853 Å line in
solar twins with those from Nissen (2016).
An example of synthetic spectra fit to the observed spec-
trum of HD 96116 near the Ba II line is shown in the Figure
2. Results for the abundance ratios [X/Fe] of Ba II lines in
the solar analogues are provided in the Table 1 along with the
chromospheric activity indices and EWs of the He I 5875.6 Å
line whose details will be given in later sections.
A comparison of our [Ba/Fe] from the Ba II 5853 Å line
measured using the Kurucz grid of LTE models with Ba abun-
dances derived using the MARCS models by Nissen (2016) is
offered in Figure 3 for the 21 stars in common between the
studies. Figure 3 highlights satisfactory agreement of mea-
sured abundances between the analyses based on different
model photosphere grids and methods. The mean difference
(ours-Nissen) of 0.008±0.021 dex in the barium abundance
ratios between the analyses is pleasing.
A key variable in understanding the barium puzzle is the
age of a star. Stellar ages may be estimated in several ways.
The fundamental (’thermodynamic’) estimate comes from fit-
ting basic stellar parameters to theoretical isochrones. Several
alternative and empirical methods have been calibrated. One
of these uses the surface lithium abundance and is anticipated
to be of value when considering, as here, a sample of very
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TABLE 1
The barium abundances derived from the Ba I and Ba II lines in the solar twins along with the chromospheric activity index (logR′5876) determined from the
line equivalent widths (EW(D3)5876) of the He I 5875.6 Å line.
HD Teff log g [Fe/H] ξt Age v sini Vm [Ba II/Fe] (dex) log R′HK log R
′
5876 EW
(He I D3)
5876
(K) (dex) (dex) (km s−1) (Gyr) (km s−1) λ 5853 Å λ 4554 Å λ 6496 Å (mÅ)
2071a 5724 4.49 −0.08 0.96 3.5±0.8 1.3 3.1 +0.12 +0.12 +0.14 -4.931 -4.946 3.76
8406a 5730 4.48 −0.10 0.95 4.1±0.8 1.6 2.8 +0.13 +0.12 +0.10 -4.672 -4.742 9.36
20782 5776 4.34 −0.06 1.04 8.1±0.4 1.3 3.1 +0.01 +0.02 +0.02 -4.924±0.041 -4.942 3.85
27063 5779 4.47 +0.06 0.99 2.8±0.6 1.6 3.1 +0.09 +0.10 +0.09 -4.749±0.077 -4.647 13.30
28471 5754 4.38 −0.05 1.02 7.3±0.4 1.3 3.1 0.00 0.00 +0.01 -5.010±0.043 -4.993 2.76
38277 5860 4.27 −0.07 1.17 7.8±0.4 1.4 3.2 +0.02 +0.01 +0.04 -5.024±0.015 -5.068 1.40
45184 5871 4.45 +0.05 1.06 2.7±0.5 1.4 3.5 +0.07 +0.07 +0.05 -4.896±0.073 -4.905 4.72
45289 5718 4.28 −0.02 1.06 9.4±0.4 1.3 3.2 -0.05 -0.05 -0.06 -5.033±0.020 -5.050 1.71
71334 5701 4.37 −0.07 0.98 8.8±0.4 1.2 3.3 -0.02 0.00 +0.01 -4.995±0.019 -4.998 2.68
78429 5756 4.27 +0.08 1.05 8.3±0.4 1.4 3.4 -0.04 -0.06 -0.05 -4.921±0.076 -4.931 4.09
88084 5768 4.42 −0.09 1.02 5.9±0.6 1.2 2.8 0.00 +0.01 +0.02 -4.982±0.016 -4.903 4.75
92719 5813 4.49 −0.11 1.00 2.5±0.6 1.6 3.3 +0.15 +0.14 +0.14 -4.860±0.067 -4.800 7.60
96116a 5846 4.50 +0.01 1.02 0.7±0.7 1.7 3.2 +0.22 +0.18 +0.19 -4.719 -4.614 14.80
96423 5714 4.36 +0.11 0.99 7.3±0.6 1.2 3.4 -0.03 -0.02 -0.05 -5.021±0.019 -5.045 1.80
134664 5853 4.45 +0.09 1.01 2.4±0.5 1.4 3.0 +0.07 +0.07 +0.08 -4.871±0.082 -4.760 8.90
146233 5809 4.43 +0.05 1.02 4.0±0.5 1.5 3.5 +0.06 +0.03 +0.04 -4.923±0.079 -4.841 6.40
183658 5809 4.40 +0.04 1.04 5.2±0.5 1.3 3.3 -0.03 -0.04 -0.05 -4.983±0.018 -5.028 2.10
208704a 5828 4.35 −0.09 1.08 7.4±0.4 1.4 3.2 -0.01 0.00 0.00 -4.975 -4.920 4.35
210918 5748 4.32 −0.09 1.07 9.1±0.4 1.3 2.0 +0.01 0.00 0.00 -5.010±0.025 -5.061 1.52
220507 5690 4.25 +0.01 1.07 9.8±0.4 1.4 3.3 -0.05 -0.07 -0.08 -5.050±0.018 -5.074 1.30
222582a 5784 4.36 0.00 1.07 7.0±0.4 1.3 3.2 -0.03 -0.04 -0.04 -4.978 -5.040 1.89
59967a 5847 4.54 −0.02 1.17 0.4±0.4 3.7 3.1 +0.33 +0.31 +0.31 -4.396 -4.389 28.80
202628a 5833 4.54 0.00 0.99 0.4±0.4 2.6 3.2 +0.23 +0.24 +0.24 -4.720 -4.667 12.40
42807a 5737 4.49 −0.02 1.12 2.9±1.0 3.8 2.9 +0.31 +0.29 +0.28 -4.445 -4.432 25.50
Note – log R′HK indices are taken from Lovis et al. (2011) for all but the stars marked with symbol “
a” whose values are drawn from Ramı´rez et al. (2014). We
assume a conservative uncertainty of about ±0.08 in log R′HK values drawn from Ramı´rez et al. (2014). The typical uncertainties in [Ba/Fe], log R
′
5876 and the
EW of He I D3 profiles are 0.03 dex, 0.06 dex and 2 mÅ, respectively.
similar stars. After discussing the ages from isochrones, we
consider the Li abundance – age relation.
The ages for the present sample solar twins were de-
rived in Nissen (2015); Ramı´rez et al. (2014) using the pre-
cise values of spectroscopic Teff and log g, where the stars
were compared to a set of isochrones in the Teff−log g dia-
gram. The Aarhus Stellar Evolution Code (ASTEC) described
by Christensen-Dalsgaard (2008) has been used by Nissen
(2016) to calculate isochrones in the Teff−log g plane for a
range of compositions covering those of the solar twins. Stel-
lar ages with internal errors less than 1 Gyr were obtained
in Nissen (2016) using precise values of the observed quan-
tities Teff , log g, [Fe/H] and [α/Fe]. Ages for the stars HD
59967, HD 202628 and HD 42807 taken from Ramı´rez et al.
(2014) have been estimated by comparing the location of stars
in the Teff−log g with a set of Yonsei-Yale (YY) isochrones
(Yi et al. 2001; Kim et al. 2002). Given a set of observed
quantities (Teff, log g, [Fe/H]) and their associated errors, YY
isochrones were generated with a fine spacing of 0.02 dex,
0.005 in [Fe/H] and stellar mass, respectively. The final stellar
age and 1σ error is determined by adopting a probabilistic ap-
proach Ramı´rez et al. (2013, 2014), where the probability that
a given isochrone point represent well the observed quantities
within the associated uncertainties. However, as explained in
Nissen (2016), the ages derived from the YY isochrones dif-
fer slightly from those constrained from the ASTEC models.
In order to place the ages on a common scale, we have trans-
formed ages of the three stars from Ramı´rez et al. (2014) to
Nissen (2016)’s scale using the linear relation connecting the
ASTEC and YY isochrone ages (equation 1 in Nissen (2016)).
Such a transformation reduced the ages of 0.6 Gyr each for
HD 59967 and HD 202628 from Ramı´rez et al. (2014) to 0.4
Gyr each while the age of HD 42807 (2.8 Gyr) increased by
0.1 Gyr. The ages on the ASTEC scale provided in Table
1 run from 400 Myr to 10 Gyr. The lithium abundance in
solar twins may provide an alternative indicator of age with
the older stars having lower Li content than the younger ones
(Tucci Maia et al. 2015; Carlos et al. 2016).
2.3. Evolution and Li age
The lithium abundances for the sample of stars drawn from
Nissen (2016) have been already measured by Carlos et al.
(2016). To place the Li abundances of our complete sam-
ple of stars on a homogeneous scale, we have re-analysed the
Nissen (2016)’s sample for lithium abundances. Neglecting
the possible 6Li contribution, we measured the LTE lithium
abundance of solar twins via the spectrum synthesis of the
Li 6707.8 Å line adopting the hyperfine structure data from
Ghezzi et al. (2009). Then the non-LTE corrections were ap-
plied to LTE Li abundances based on the non-LTE calcula-
tions by Lind et al. (2009). Results for both LTE and non-
LTE lithium abundances are provided in Table 2 in compari-
son with previous estimates of Li in our stars which indicate
a satisfactory agreement among the analyses.
The strong correlation of Li abundance with the stellar
age shown in Figure 4 is similar to the one discussed exten-
sively in Carlos et al. (2016) (see, their Figure 6) where they
showed Li abundances as a function of ages derived previ-
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TABLE 2
The derived Li abundances of solar twins in comparison with previous
analyses.
HD log ǫ(Li)LTE log ǫ(Li)non-LTE
DM14 MC16 ours ours
2071 1.38±0.07 1.39±0.03 1.38±0.03 1.42
8406 1.70±0.05 1.69±0.01 1.69±0.02 1.72
20782a <0.47 0.67±0.10 0.62±0.07 0.66
27063 1.65±0.05 1.67±0.02 1.65±0.02 1.69
28471 <0.73 0.86±0.09 0.85±0.06 0.89
38277 1.58±0.07 1.56±0.03 1.55±0.03 1.57
45184 2.06±0.04 2.08±0.02 2.08±0.02 2.10
45289b <0.47 <0.57 0.45±0.09 0.49
71334 <0.65 0.58±0.12 0.55±0.07 0.59
78429 <0.35 0.59±0.15 0.40±0.12 0.44
88084 <1.10 0.96±0.09 0.95±0.08 0.99
92719 1.90±0.04 1.88±0.01 1.88±0.02 1.90
96116 2.12±0.07 2.19±0.01 2.15±0.02 2.17
96423 1.88±0.05 1.88±0.01 1.87±0.02 1.92
134664 2.10±0.05 2.08±0.02 2.08±0.02 2.11
146233 1.57±0.07 1.58±0.02 1.55±0.03 1.59
183658 1.09±0.10 1.24±0.06 1.05±0.03 1.09
208704 1.09±0.10 1.05±0.04 1.06±0.03 1.09
210918 <0.28 0.67±0.13 0.30±0.12 0.34
220507 <0.56 <0.50 0.27±0.15 0.31
222582c <0.45 0.89±0.07 0.88±0.06 0.92
59967 . . . . . . 2.74±0.02 2.72
202628 . . . . . . 2.23±0.02 2.25
42807 . . . . . . 2.02±0.03 2.05
Ref – DM14: Delgado Mena et al. (2014); MC16: Carlos et al. (2016)
Detected planets with – (a) 1.8 MJup (Jones et al. 2006); (b) 0.04 MJup
(Mayor et al. 2011); (c) 7.8 MJup (Butler et al. 2006).
Fig. 4.— Connection between the non-LTE lithium abundances and stellar
ages of the solar twins taken from Nissen (2016) (squares) and Ramı´rez et al.
(2014) (red circles). The Sun is designated with the symbol ⊙.
ously by Nissen (2015) using YY isochrones. Two of the
three stars whose primary age estimates are drawn from the
analysis of Ramı´rez et al. (2014) integrate well into the de-
creasing trend of lithium with age. But the star HD 59967
from Ramı´rez et al. (2014) and two more stars (HD 96423
and HD 38277) from Nissen (2016)’s sample turned out to be
outliers with their Li abundances preferring young ages than
the isochrone based ages (Ramı´rez et al. 2014; Nissen 2016).
Fig. 5.— [Ba/Fe] versus age for the solar twins (squares) in this study and
for the stellar associations (triangles) drawn from Reddy & Lambert (2015).
The outliers (HD 38277, HD 59967, HD 96423) are also encirled with red
circles and the Sun is shown with the symbol ⊙. The horizontal dotted lines
mark the bounds of ±0.05 dex in [X/Fe].
Whereas the logR′HK indices of −5.02 each (Table 1) for HD
96423 and HD 38277 prefers an age much older than the Sun.
Note, however, the strong correlation of log ǫ(Li) with age
shown by Carlos et al. (2016) and us is not confirmed by
The´venin et al. (2017) whose selection of solar twins cover-
ing the same Teff, log g, [Fe/H] and mass range as Carlos et al.
(2016) is drawn from Li abundances in a large sample of stars
by Delgado Mena et al. (2014). The´venin et al.’s mean trend
of Li with age follows that in Figure 4 but shows a large scatter
in Li abundance at all ages. The´venin et al. (2017) argue that
the lithium abundance is sensitive to various physical condi-
tions during the early pre-main sequence stage, for example,
different overshooting values. Therefore, the Li abundance
in a solar twin is not solely dependent on a star’s age. The
isochrone based ages derived using the precise values of Teff,
log g and [Fe/H] provide a robust measure of ages of solar
twins. In the following analysis, we adopt the isochrone based
ages in Table 1 and our measured values of [Ba/Fe] to inves-
tigate the variation of [Ba/Fe] with stellar age. We stress that
our major conclusions, as we see in the following sections,
will not be influenced by the three outliers mentioned previ-
ously.
Entries for Ba II in Table 1 are plotted in Figure 5 against the
isochrone age. This shows, as indicated in (Nissen 2016), that
the [Ba II/Fe] values of the solar twins exhibit an increasing
trend and increasing scatter with decreasing stellar age. For
stars older than 5 Gyr, [Ba/Fe] flattens out with a spread of
± 0.05 dex about the mean trend of [Ba/Fe] ∼ −0.02 dex.
For stars younger than 5 Gyr, the typical scatter of ±0.05
dex observed for the older stars evolves with age to max-
imum value. Based on the lithium abundances (Figure 4),
adopting younger ages for the outliers will amplify the scat-
ter in [Ba II/Fe] with age for the solar twins younger than
the Sun. The Figure 1 also display the mean [Ba/Fe] values
with a scatter of 0.05 dex measured for stellar associations by
Reddy & Lambert (2015).
3. NEUTRON-CAPTURE ELEMENTS
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Fig. 6.— Comparison of synthetic profiles (red lines) with the observed spectrum (black dots) of the solar anaogue HD 96116 near the Nd II and La II lines. In
each panel, the best fit synthetic profile and the corresponding abundance values of Nd and La relative to Fe are given.
TABLE 3
Abundance ratios ([X/Fe]) for the heavy s-process elements X=La, Ce, Nd
and Sm derived from the spectra of solar twins.
HD [La/Fe] [Ce/Fe] [Nd/Fe] [Sm/Fe]
(dex) (dex) (dex) (dex)
2071 0.06±0.01 0.06±0.01 0.05±0.02 0.04±0.02
8406 0.05±0.01 0.05±0.01 0.06±0.02 0.03±0.02
20782 -0.00±0.02 0.01±0.01 -0.01±0.02 0.01±0.02
27063 0.02±0.02 0.01±0.01 0.01±0.02 0.02±0.02
28471 0.02±0.02 0.02±0.02 0.01±0.02 0.02±0.02
38277 -0.02±0.02 -0.03±0.01 0.00±0.02 0.01±0.02
45184 0.01±0.02 0.01±0.01 0.03±0.02 0.05±0.02
45289 -0.04±0.02 -0.05±0.01 -0.06±0.02 -0.04±0.01
71334 0.01±0.02 0.00±0.02 -0.01±0.01 0.01±0.02
78429 -0.02±0.01 -0.05±0.01 -0.04±0.01 -0.03±0.01
88084 0.01±0.01 0.02±0.02 0.03±0.02 0.02±0.02
92719 0.07±0.01 0.06±0.02 0.04±0.02 0.06±0.02
96116 0.08±0.02 0.06±0.02 0.07±0.02 0.05±0.02
96423 -0.02±0.01 -0.01±0.02 -0.02±0.01 -0.02±0.02
134664 0.02±0.02 0.03±0.01 0.05±0.02 0.01±0.02
146233 0.04±0.02 0.04±0.02 0.05±0.01 0.01±0.01
183658 -0.01±0.01 0.01±0.01 0.05±0.01 0.03±0.02
208704 -0.02±0.02 -0.00±0.02 -0.01±0.01 0.01±0.02
210918 -0.01±0.02 0.00±0.02 -0.01±0.02 0.00±0.02
220507 -0.02±0.01 -0.04±0.02 -0.03±0.02 -0.06±0.01
222582 -0.01±0.01 -0.04±0.01 -0.06±0.01 -0.06±0.02
59967 +0.06±0.02 +0.06±0.02 +0.05±0.02 +0.05±0.02
202628 +0.05±0.02 +0.05±0.02 +0.06±0.02 +0.05±0.02
42807 +0.04±0.02 +0.05±0.02 +0.06±0.02 +0.06±0.02
The abundances of the heavy elements La, Ce, Nd and
Sm in solar twins have been measured here differentially,
line-by-line, relative to the Sun adopting the line list from
Reddy & Lambert (2015). A representative example of syn-
thetic spectra fit to the observed spectrum of HD 96116 near
the La II and Nd II lines is shown in Figure 6 for the abun-
dances listed in Table 3. Results for the abundance ratios
[X/Fe] of the heavy s-process elements are given in the Ta-
ble 3.
We probe through Figure 7 the variation of abundance ra-
tios [X/Fe] with stellar age for the suite of heavy elements
La, Ce Nd and Sm in solar twins. Figure 7 suggests that the
[X/Fe] values measured for the heavy s-process elements dis-
Fig. 7.— [X/Fe] abundance ratios for an element X=La, Ce, Nd and Sm in
solar twins as a function of stellar age. The Sun is shown with the symbol ⊙
and the typical error bars in [X/Fe] and age are also shown.
play a smoothly increasing weak trend with decreasing stellar
age. The typical spread of ±0.05 dex in the [X/Fe] for La−Sm
distribution at any given stellar age is comparable to the very
similar scatter found for the heavy element Ba (Figure 5) but
for stars older than the Sun (ages>5 Gyr). But, the stars hav-
ing larger values of [Ba II/Fe] are not similarly enriched in
other heavy elements – La, Ce, Nd, and Sm – whose abun-
dance is expected to be dominated by the s-process which
also controls the Ba abundance. For stars younger than the
Sun (ages<5 Gyr), the correlation of [Ba/Fe] with age is very
weak and dominated by the large scatter at any given stellar
age (Figure 5) unlike the clean trend with little spread seen for
the [La/Fe] et al. abundances.
There exists (i) striking differences between the [Ba II/Fe]
values and [La/Fe] et al. abundances in young stars (ages<5
Gyr) but not in stars older than the Sun (ages>5 Gyr) and (ii)
the [La/Fe] et al. correlate well with stellar age and the scatter
at a given age is much cleaner than for [Ba II/Fe] versus age.
The magnitude of [Ba II/(La-Sm)] values range over 0.25 dex
at very young ages among these solar-type stars; this range is
almost ten times larger than theσ in [X/Fe] ratios from a given
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Fig. 8.— Stellar chromospheric activity index as a function of ages of the
solar twins (filled squares) studied here and the young associations (filled
triangles) from Reddy & Lambert (2015). The outliers, as in Figure 5, are
encirled with red circles. The shaded gray bar at 4.5 Gyr represents the range
in activity covered by the 11-year solar cycle.
star. Such differences among the heavy s-process elements
are puzzling in the context of LTE line formation in stellar
photospheres and the s-process operation in AGB stars.
It is a fundamental aspect of s-process operation that the
higher Ba yield should be accompanied by higher yields of
especially La and Ce, also Nd, and Sm (Busso et al. 1999)
which is not satisfied by elements La to Sm relative to Ba II
in young stars. Contributions of the s-process to solar abun-
dances run from 85% for Ba, 75% for La, 81% for Ce, 47%
for Nd and 34% for Sm (Burris et al. 2000). Operation of the
s-process under different conditions will have very little effect
on the relative yields of elements Ba to Sm but may change
the Ba to Y-Zr ratios depending on the strength of the neutron
flux.
Therefore, results for the heavy elements from Table 1, Ta-
ble 3, Figure 5 and Figure 7 suggest that the solution to the
large deviation of the Ba II line abundance relative to La to
Sm may be the same as the one controlled by stellar phenom-
ena not accounted for in LTE abundance analyses, e.g., stellar
activity is severe at very young ages but decays slowly as the
star ages. The parameters of most relevance to young stars
may be the rapid rotation, strong magnetic fields and, thus,
their active chromospheres. In the next section, we explore the
dependence of heavy element abundances on chromospheric
activity levels in the solar twins.
4. CHROMOSPHERIC ACTIVITY
As noted in the introduction, the sample of solar twins in
this study was analysed previously in Nissen (2015, 2016). In
this section, we explore for the first time a possible relation
between abundance ratios [X/Fe] and stellar activity of the
solar twins.
The chromospheric activity indices R′HK (see, for definition,
Lovis et al. 2011) for all but the solar twins HD 2071, HD
8406, HD 42807, HD 59967, HD 96116, HD 202628, HD
208704, HD 222582 in Table 1 are extracted from Lovis et al.
(2011) who exploited multi-epoch HARPS spectra and con-
verted the measured Ca II H&K emission line fluxes into R′HK
indices using an updated calibration taking into account stel-
Fig. 9.— Comparison of Ca II K line emission cores in the spectra of HD
59967, HD 42807, HD 202628 and HD 27063.
lar metallicity. For the stars not considered by Lovis et al.
(2011), the R′HK indices are taken from the measurements of
Ramı´rez et al. (2014) whose R′HK values for stars in common
with Lovis et al. (2011) are in excellent agreement and on av-
erage only 0.005±0.025 higher. Therefore, our extracted R′HK
values are unaffected by systematic offsets as both the studies
have activity indices measured using the common methods
(see Figure 9).
A sanity check on the reliability of the logR′HK values of
stars taken from the measurements of Ramı´rez et al. (2014)
is provided in Figure 9 via a direct comparison of the Ca
II K emission line cores in the spectra of HD 59967, HD
42807, HD 202628. In addition, we compare the Ca II K pro-
file of HD 202628 with a star HD 27063 whose logR′HK in-
dex (−4.75±0.08) measured from the multi-epoch spectra by
Lovis et al. (2011) is very similar to logR′HK of −4.72 mea-
sured for HD 202628 in Ramı´rez et al. (2014). It is obvi-
ous from the Figure 9 and logR′HK values (Table 1) that the
logR′HK values derived by Ramı´rez et al. (2014) are as reli-
able as those measured using the multi-epochHARPS of solar
twins by Lovis et al. (2011). Also confirmed by the Figure 9
are the very similar and much higher levels of chromospheric
activity for HD 59967 and HD 42807 than HD 202628.
However, we have cross-checked the determinations of R′HK
indices with the chromospheric activity index derived from
the equivalent width of the He I 5876 Å D3 line. The D3 line,
as in the Sun, appears in absorption and is produced in the
plage regions (bright regions) of the chromosphere (Landman
1981) and, thus, used as a diagnostic of chromospheric activ-
ity in late F through G to early K dwarfs (Danks & Lambert
1985; Wolff et al. 1986).
Acknowledgment of a tight correlation of the EW of stel-
lar D3 absorption line with other activity indicators such as
the coronal X-ray luminosity (Lx) and flux in the Ca II H and
K chromospheric emission cores (F′HK or R
′
HK) is provided
by Danks & Lambert (1985) who examined the D3 line in the
high-resolution spectra of 21 unevolved stars of spectral types
F, G and K. The formation zone of the He I 5876 Å D3 absorp-
tion corresponds to a temperature of ∼10,000 K and is located
between the upper chromosphere and corona whereas the Ca
IIH and K emission lines are produced in the low and medium
chromosphere and the X-rays in the stellar corona. The corre-
lation of the equivalent width of the He ID3 line with other ac-
tivity indicators is evidence of direct proportionality of R′HK,
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Fig. 10.— [X/Fe] for the heavy elements Ba II and La II versus stellar chro-
mospheric activity of the solar twins (squares) and the stellar associations
(red triangles). The outliers, as in Figure 8, are encirled with red circles.
the EW of D3 and Lx to the fractional area of the stellar disk
covered by active regions (Danks & Lambert 1985).
The He I 5876 Å D3 line is free of severe blends and is
easily measurable from the high-resolution and high S/N ratio
spectra but is contaminated by a very weak telluric line. The
spectra of the solar twins yield S/N ratios of 550 at the He I
D3 line. The He I D3 line EWs were measured by fitting a
Gaussian profile or by direct integration of the He I line using
the splot task in IRAF. To convert the He I D3 line EWs into
R′HK values, we derived a linear regression relation using the
values of R′HK and EWs of D3 lines (EW5876 (He I)) in Danks
& Lambert (1985; see their Figure 6) for their sample of F, G
and K dwarfs. The empirical relation takes the form
EW5876 (HeI) = 8.49 x − 5.86 (r = 0.97) (1)
where x = 105×R′HK and r is the Pearson product-moment
correlation coefficient. Our measured values of He I D3 line
EWs and the chromospheric activity indices (R′5876) are given
in Table 1. From Table 1, an excellent agreement of the chro-
mospheric activity indices computed independently from the
Ca II H and K emission line fluxes and the EWs of He I 5876
Å D3 lines is evident. The mean differences in activity indices
(R′HK−R
′
5876) of only −0.01±0.05 is comparable with typical
errors in R′5876 of 0.06. We derived from the present spec-
tra of the Sun the activity index of −4.93, a value falls in the
logR′HK range −4.88 to −5.02 seen during the 11-year solar
cycle (Hall et al. 2009). These results corroborate the relia-
bility of the He I 5876 Å D3 absorption line as a powerful
diagnostic of stellar activity in FGK dwarfs.
We probe through the Figure 8 and Figure 10 the variation
of chromospheric activity with stellar age and the dependence
of barium line abundances of solar twins on stellar activity,
respectively. Stellar chromospheric activity is observation-
ally known to decline steeply with stellar age for solar type
field dwarfs of age less than the Sun and thereafter contin-
ues to decrease very slowly as stars get significantly older
(Ramı´rez et al. 2014). Indeed, field stars are relatively old,
rotate more slowly and have less chromospheric activity than
their main sequence counterparts in OCs (Soderblom 1983;
Soderblom et al. 1991; Simon et al. 1985; Isaacson & Fischer
2010). As demonstrated in Mamajek & Hillenbrand (2008),
the mean logR′HK values of OCs and associations derived
from solar type dwarfs not only extend the R′HK versus age
relation to very young ages of 5 Myr but have shown the
striking decline of logR′HK by almost 1 dex between the T-
Tauri epoch (1-10 Myr) and age of the Sun (see Figure 6
in Mamajek & Hillenbrand 2008). (This decline of chromo-
spheric activity with age is sometimes used to provide an em-
pirical method for dwarf stars.)
From Figure 8, our sample of solar twins follows the de-
clining trend of chromospheric activity with stellar age which
resembles such variations shown for a large sample of solar
twins in Ramı´rez et al. (2014). The star-to-star dispersion at
any given age is dominated by intrinsic changes in activity of
the stars, where the stars younger than the Sun exhibit a wide
range in activity of −4.4 to −5.0 (Ramı´rez et al. 2014). This is
a pleasing result along with small variation in logR′HK indices
for stars older than the Sun, compatible with the activity lev-
els of the present-day solar cycle. The variation in the logR′HK
index from about −4.88 to −5.02 of the Sun (Hall et al. 2009)
during the 11-year solar cycle is represented by a grey bar at
4.5 Gyr in Figure 8.
The new result demonstrated in the Figure 10 is that the Ba
II abundance correlates well with the stellar chromospheric ac-
tivity: The sample of solar twins yielding the Ba abundances
very close to [La/Fe] et al. values are older and their chro-
mospheres are less active than the Sun (logR′HK < −4.95).
Among stars of high chromospheric activity (logR′HK >
−4.95), the Ba abundance from the strong Ba II lines increases
with increasing activity. It is evident from Figure 7 and Figure
10 that the [X/Fe] for other heavy s-process elements such as
La to Sm are almost unchanged with stellar activity.
Scatter in Figure 10 among [Ba/Fe] values at a given
logR′HK is likely to come from the time-dependent chromo-
spheric activity; the spectra providing the Ba abundances
were not obtained at the same time as the R′HK were deter-
mined. For most stars, the R′HK was obtained from HARPS
spectra at a time not so different from the exposures which
were co-added and subjected to the abundance analysis. Thus,
one is not surprised that the scatter in Figure 10 is apprecia-
bly less than that in Figure 8 – especially among the younger
stars where chromospheric activity is more intense than the
older stars.
Striking evidence that the strengthening of the Ba II line
and, thus, the abundance of [Ba II/Fe] in the solar twins is
strongly associated with the stellar activity but weakly with
stellar age is provided through the Figure 11. Figure 11 of-
fers a comparison of the observed spectra of (i) stars with the
same age of 0.4 Gyr (HD 59967 and HD 202628) but with
different levels of logR′HK values and (ii) stars with identi-
cal logR′HK values of −4.4 but with different ages (HD 59967
and HD 42807). Among stars with identical age (Panels (a)
and (b)), the stronger Ba II line is observed in HD 59967 with
larger logR′HK value of −4.4 relative to −4.7 for HD 202628.
Among stars with identical logR′HK values of −4.4 each (Pan-
els (c) and (d)), the Ba II lines have identical strengths (EWs)
and are independent of stellar age. The scatter in Figure 8 at
ages of 3 Gyr and shorter is not reflected in Figure 10. That is
[X/Fe] for Ba II correlates well with logR′HK and much better
than with age (Figure 5). The linear regression relation be-
tween the [Ba/Fe] and logR′HK values for the 24 solar twins
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Fig. 11.— Observed spectra of HD 59967 (dotted line) compared with HD 202628 and HD 42807 shown as continuous lines. A panel whose y-axis reads Div.
(division) is the residual flux resulted from the division of HD 59967 by HD 202628 and HD 42807, respectively. Panel (a) compares the solar twins of same
age (0.4 Gyr) but with different levels of stellar activity: HD 59967 (log R′HK = −4.4) and HD 202628 (log R
′
HK = −4.7). Panel (b) compares stars with similar
log R′HK indices but differ in ages: HD 59967 (0.4 Gyr) and HD 42807 (2.8 Gyr). A novel result arriving from this plot and the Figure 10 is that the strengthening
of Ba II 5853 Å line (hence, overabundance of [Ba/Fe]) is associated with high levels of stellar activity but not with the stellar age (see text).
provide the Pearson product-moment correlation coefficient
of r= 0.92, meaning an almost perfect and strong correlation
of [Ba/Fe] with chromospheric activity index. This simple
illustration is at odds with reports of enhanced Ba nucleosyn-
thesis with decreasing stellar (Galactic) age (D’Orazi et al.
2009; Mishenina et al. 2015) but provides a novel result that
the abundance of [Ba/Fe] in young stars is strongly associ-
ated with high level of stellar activity and, thus, unrelated to
aspects of the chemical evolution of stars.
The prime novel results of this paper – (i) the trend of [Ba
II/Fe] with stellar activity and (ii) the higher abundance of Ba
from the lines of Ba II relative La−Sm for the youngest and
chromospherically active solar analogues – provide strong ev-
idence that the large [Ba II/Fe] values relative to La−Sm abun-
dances noticed here at the very young ages where the stars
have very active chromospheres are unrelated to aspects of
stellar nucleosynthesis and Galactic chemical evolution.
Model stellar atmospheres of the kind chosen here make
no attempt to incorporate a chromosphere. The heating re-
sponsible for the chromosphere presumably raises the tem-
perature in the photosphere-chromosphere interface above the
temperatures predicted by present model stellar atmospheres.
The heating may also disturb the granulation pattern and as-
sociated velocity field and so change the microturbulence.
Although the Ba II 5853 Å line is insensitive to non-LTE
effects (Korotin et al. 2015), its typical equivalent width is
such that, in classical terminology, the line is near or on
the the flat part of the curve of growth (D’Orazi et al. 2012;
Reddy & Lambert 2015). The selected Ba ii 5853 Å line and
4554 Å and 6496 Å lines are the strongest heavy element lines
in a star’s line list whereas the line selection for La−Sm in
dwarfs and giants includes several weak lines with EWs < 30
mÅ.
The outstanding correlation of [Ba II/Fe] with stellar activ-
ity (Figure 10) with much weaker trends for other s-process
elements and the greater sensitivity of the Ba ii line to micro-
turbulence implies the strong Ba II lines must have formed in
upper photospheric layers whose atmospheric activity is re-
sponsible for the changes in chromospheric structure.
Gurtovenko & Sheminova (2015) calculated the average
depth of formation of the lines under LTE conditions with
the empirical solar photospheric model HOLMU (Holweger
1967; Holweger & Mu¨ller 1974). It is evident from their ta-
ble that the weak and moderate Fe I and Fe II lines widely
used in the estimation of stellar parameters (Teff, log g, ξt) and
metallicity of stars have average formation depth very deep
in the photosphere with a mean depth of about log (τ5000) =
−1.52. It is also clear that all other elements including the
s-process elements with exception of Ba II have an average
formation depth close to log (τ5000)=−1.0 while the strong
Ba II 5853, 6496 and 4554 Å lines form very far from the con-
tinuum forming layers in the upper photospheric layers with
average depth log (τ5000)= −2.9, −4.9 and −5.7, respectively.
The ID LTE theoretical models such as the MAFAGS
(Fuhrmann et al. 1993, 1997) predict an effective line forma-
tion depth of log (τ5000)=−1.9, −2.8 and −4.7, respectively,
for the Ba II 5853, 6496 and 4554 Å lines (Mashonkina et al.
1999; Mashonkina & Zhao 2006). Such differences in
log (τ5000) values for the Ba II lines is not surprising given that
the analyses have employed different model photospheres.
The HOLMU model was empirically designed to match
the center-to-limb observations of the solar continuum ra-
diation and a variety of spectral lines at different viewing
angles (µ)3, which confirmed the presence of anisotropic
height-dependent photospheric velocity fields in the Sun
(Holweger et al. 1978). All the 1D model atmospheres (e.g.,
ATLAS, MARCS) based on the assumptions of static atmospheres
with no chromospheres and a constant value of microturbu-
lence independent of depth and µ fail to represent the convec-
2 The optical depth of formation of the line cores log (τ5000) corresponds
to the optical depth in continuum at λ = 5000 Å in the HOLMUmodel atmo-
sphere.
3 µ= cos θ with θ describing the angle between the ray direction and the
stellar surface normal.
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Fig. 12.— The differential iron abundance derived from the adopted stellar
parameters in Table 1 as a function of the average depth of line formation.
TABLE 4
Iron abundances for a set of 9 saturated iron lines along with the average
depth of formation in stellar photosphere.
λ 〈log (τ5000)〉 [Fe/H] (dex)
(Å) HD 96116 HD 222582
4114.4 -3.065 +0.04 -0.02
4114.9 -1.974 +0.01 -0.02
5127.3 -3.632 +0.07 0.00
5198.7 -3.234 +0.05 0.00
5225.5 -2.956 +0.05 0.00
5250.6 -3.310 +0.07 -0.02
5501.4 -4.032 +0.11 0.00
5569.6 -3.940 +0.12 +0.02
6136.6 -3.907 +0.11 -0.01
tive motions in the photosphere realistically (Holweger et al.
1978; Pereira et al. 2009a,b).
The same qualitative behaviour of the 1D models has also
been demonstrated for the centre-to-limb behaviour of the
Fe lines (Pereira et al. 2009a) and the O I 7777 Å triplet
(Steffen et al. 2015). Although, the three-dimensional (3D)
model atmospheres represent both the velocity fields and
the thermal structure of the solar atmosphere more realisti-
cally, HOLMU model performs much better than all the 1D
LTE and non-LTE models (Pereira et al. 2009b; Steffen et al.
2015; Lind et al. 2017). Therefore, the log (τ5000) informa-
tion provided for the solar Ba II lines assuming the depth-
and µ-independent microturbulnce velocity in the 1D mod-
els (MAFAGS, ATLAS, MARCS) may not represent the true depth of
formation of Ba II lines. These results support the claim, as
previously made in Reddy & Lambert (2015), that the greater
sensitivity of the Ba ii line to microturbulence is likely a con-
tributor to resolving the Ba puzzle.
To examine this possibility, we have selected a set of 9
iron lines from the Table in Gurtovenko & Sheminova (2015)
whose formation depth is far from the continuum forming lay-
ers in the range log (τ5000) = −2.0 to −4.0. We show in Fig-
ure 12 the differential iron abundances of these lines (Table
4) covering the EWs range 60 to 160 mÅ in the spectra of
HD 96116 and HD 222582 as a function average depth of line
formation. All these abundances are measured using the stel-
lar parameters listed in Table 1 whose values are based on the
analysis of weak and moderate strength iron lines of EW <
70 mÅ (Nissen 2015). It is evident from Figure 12 that HD
96116 with relatively high stellar activity has a systematically
higher iron abundances for the strong lines formed in the up-
per layers of the photosphere (log (τ5000) < −2.0) than the
mean abundance of +0.01 dex derived for lines formed deep
in the photosphere. Such a trend of iron abundance with depth
of line formation strongly suggest a height-dependent micro-
turbulence with velocity increasing toward the top of the pho-
tosphere and the transition to the chromosphere. From the
very similar iron abundances for the strong Fe lines in HD
222582 suggest that the photospheric structure of the inactive
star HD 222582 of age 7 Gyr is very similar to that of the Sun.
These results strongly suggest that the microturbulence in-
creases steeply with height in the photospheres of active stars
relative to dwarfs of age less than the Sun. As a result the ap-
plication of the microturbulence value derived from the weak
and moderate strength iron lines to strong lines such as the
Ba II lines result in a serious overestimation of the Ba II abun-
dances in stars younger than the Sun. For the star HD 96116,
an increase of microturbulence by about 0.3 km s−1 will drop
[Ba/Fe] from the Ba II 5853 Å line close to the abundance
measured for the other heavy elements La−Sm.
It is well understood from the analysis of the Sun that the
chromospherically active phase of the Sun is associated with
active upper photospheric layers (Schrijver et al. 1989) and,
thus, chromospherically active young stars in the field, OCs
and associations have active photospheric layers from where
the Ba II lines emerge. As a result all those active stars, as
found here and in previous studies, have Ba II abundances
overestimated by the standard LTE abundance analyses where
the microturbulence is assumed depth-independent and de-
rived from the weak/moderate strength Fe lines whose forma-
tion depth in the photosphere is very deep and differ greatly
from the Ba II line forming depths. Accordingly, we argue that
the Ba abundances determined from the strong Ba II lines pro-
vide spurious overabundance by the standard LTE abundance
analysis of active stars younger than the Sun. Abundances of
other elements La−Sm represented by weaker lines may be
affected, but to a weaker degree (Figure 12).
4.1. Comparison with Clusters and Associations
The typical strength of the selected Ba ii 5853 Å line is such
that it is readily accessible in OC from FGK dwarfs but the
great majority of clusters in the literature, including ours in
Reddy et al. (2012, 2013, 2015, 2016), have Ba abundances
measured from GK red giants. Many giants were chosen over
dwarfs because of relatively low v sini and high brightness to
yield high S/N ratio spectra favourable for accurate abundance
determination: sharp lines with strengths from weak to strong
for elements sampling the major processes of stellar nucle-
osynthesis. Furthermore, few of the clusters are local and
many were distant with a non-solar metallicity and, thus, ex-
tracting the appropriate OC sample with measured Ba abun-
dances and logR′HK values for comparison with solar twins
with [Fe/H] ≃ 0.0 ± 0.1 dex is a non-trivial exercise.
The logR′HK indices of dwarf stars in a large sam-
ple of OCs and stellar associations are provided in
Mamajek & Hillenbrand (2008), of which three mean-
solar metallicity clusters Hyades (0.7 Gyr), NGC 752
(2.0 Gyr) and NGC 2682 (4.3 Gyr) have mean [Ba
II/Fe] values of +0.30±0.05 dex, +0.19±0.08 dex and
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TABLE 5
The mean R′5876 indices and [X/Fe] ratios for an element X=La, Ce, Nd and Sm in local associations of solar metallicity analysed previously in
Reddy & Lambert (2015). The number of stars used in calculating the stellar activity index are shown in parentheses.
association [Ba II/Fe] [La/Fe] [Ce/Fe] [Nd/Fe] [Sm/Fe] R′5876 (or R
′
HK) EW
(He I D3)
5876
(dex) (dex) (dex) (dex) (dex) (mÅ)
Argus +0.32 ± 0.05 +0.04 ± 0.04 −0.01 ± 0.04 . . . +0.02 ± 0.04 −4.41±0.03 27.43±2.47(2)
Carina-Near +0.32 ± 0.05 0.00 ± 0.05 −0.01 ± 0.04 +0.10 ± 0.05 0.00 ± 0.03 −4.38±0.01 29.10±0.30(2)
Hercules-Lyra +0.15 ± 0.04 +0.09 ± 0.03 0.00 ± 0.03 +0.01 ± 0.04 +0.01 ± 0.02 −4.56±0.01 17.41±0.79(3)
Orion +0.07 ± 0.05 +0.06 ± 0.05 −0.05 ± 0.05 −0.06 ± 0.05 +0.11 ± 0.02 −4.89±0.07 05.25±1.85(2)
Subgroup B4 +0.23 ± 0.05 −0.01 ± 0.04 +0.05 ± 0.04 +0.08 ± 0.05 +0.11 ± 0.03 −4.43±0.03 25.85±2.55(2)
Fig. 13.— Comparison of the He I 5875.6 Å D3 profiles in the spectra
of stars in Orion (Parenago 2339 & 2374) with stars in Argus (HD 61005
& BD-20 2977). The weaker He I profiles in Orion stars suggest that their
chromospheric activity levels are much less than the value obtained for the
Argus association. The dashed line represents the continuum level.
+0.04±0.05 dex, respectively, measured from cluster dwarfs
by D’Orazi et al. (2009). The mean logR′HK values inferred
from Mamajek & Hillenbrand (2008) for the cluster dwarfs
spanning the temperature range of the stars analysed for Ba in
D’Orazi et al. are −4.50±0.09, −4.7±0.10 and −4.85±0.11,
respectively for Hyades, NGC 752 and NGC 2682. These
three OCs of mean-solar metallicity exhibit positive correla-
tion between the values of [Ba/Fe] and logR′HK.
There exists literature on seven stellar associations but
we include in Figure 10 only our sample of five nearby
young stellar associations – Argus, Carina-Near, Hercules-
Lyra, Orion and Subgroup B4 – to provide a comparison
free of systematic offsets Reddy & Lambert (2015) have per-
formed a comprehensive abundance analysis of five local as-
sociations whose chemical composition within the measure-
ment uncertainties is very nearly solar for all elements with
the exception of Ba which, as we noted in the Introduction, is
overabundant by about [Ba II/Fe]= 0.2−0.3 dex. These asso-
ciations span the [Fe/H] range −0.1 to 0.0 dex comparable to
that of solar twins but are very young (ages ∼ 3−200 Myr).
The abundances for all associations are measured from the
spectra of FGK dwarfs spanning the Teff range 5150−6050 K
with stars in the Carina-Near having Teff of 5800 K each.
We removed the telluric absorption by dividing the stellar
spectra with a rapidly rotating hot star spectra and the EWs of
He I 5876 Å D3 lines were measured. All the spectra corre-
spond to S/N ratios of 200−350 around the He ID3 line whose
EWs were transformed to R′HK values using equation 1. The
computed mean values of R′HK indices along with the aver-
age Ba abundances of FGK dwarfs in associations are listed
in Table 5.
A comparison of the He I D3 profiles in the spectra of two
stars each from the Orion and Argus associations is displayed
in Figure 13. Both these associations are very young with
ages of 3 Myr (Walker 1969; Blaauw & Morgan 1954) and
30 Myr (De Silva et al. 2013) for Orion and Argus, respec-
tively. The lithium abundances derived previously for the stars
in Orion (Cunha et al. 1995; Reddy & Lambert 2015) and Ar-
gus (Reddy & Lambert 2015) also confirm the youth of these
associations. But, as seen in the Figure 13, the He I D3 lines
in the stars Parenago 2339 and Parenago 2374 of Orion are
muchweaker than the corresponding profiles in members (HD
61005 and BD-20 2977) of the Argus association. The large
scatter of about 0.5 dex in logR′HK found for stars at the young
ages of a few Myr suggests that young stars may have larger
intrinsic variations in activity levels.
We have checked whether the logR′HK of −4.41 derived
from the two stars (HD 61005 and BD-20 2977) in Argus as-
sociations agrees with such estimates in the literature. To our
knowledge, only the star HD 61005 has a measured value of
logR′HK =−4.31 from the Ca II H and K emission line fluxes
(Desidera et al. 2011). The satisfactory agreement of mea-
sured logR′HK values between the analyses not only supports
the reliability of our logR′HK values obtained from the He I
D3 lines but also confirms that the stars in Orion have in-
trinsically lower value of logR′HK for their age. Therefore,
the logR′HK values for stars in these associations supports,
as demonstrated previously for solar twins in Ramı´rez et al.
(2014), the presence of larger intrinsic variations in stellar ac-
tivity levels among the young stars.
We probe through the Figure 14, the variation of [Ba/Fe]
from the Ba II 5853 Å line with the strength of He I D3 pro-
files (level of stellar activity) in stars of the associations AB
Doradus (70Myr) and Carina-Near (200Myr) analysed previ-
ously by D’Orazi et al. (2012). Our interest in such a compar-
ison (Figure 14) is occasioned by the reported internal chem-
ical inhomogeneity of [Ba II/Fe] values relative to uniform La
and Ce abundances among members of a given association
(Table 1 in D’Orazi et al. 2012). The readily available multi-
ple high-resolution FEROS (F) and HARPS (H) spectra of the
stars HD 32981 (F), CD-84 80 (F) and HD 218860 (H) in AB
Doradus, and the srars HD 63608 (H) and HD 103743 (H) in
Carina-Near association were retrieved from the ESO public
archive4. The S/N ratio of the co-added spectra at 5880 Å runs
from about 300 (HD 32981, HD 218860) to 750 (CD-84 80,
HD 63608, HD 103743). All these stars were explored pre-
viously for the abundances of 11 elements in the range Li to
Zn by Biazzo et al. (2012), and for the heavy elements Y, Zr,
4 http://archive.eso.org/eso/eso_archive_main.html
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Fig. 14.— Comparison of the He I 5875.6 Å D3 profiles among the members
of AB Doradus (Panel a), among the members of Carina-Near (Panel b) and
between stars of AB Doradus and Carina-Near associations (Panel c). The
chemical content of [Ba II/Fe] in stars is also displayed in each panel.
Ba, La, and Ce by D’Orazi et al. (2012) whose [X/Fe] values
for any element X exhibit solar ratios with the sole exception
of Ba where the [Ba/Fe] values are overabundant by 0.2 dex
with an intrinsic abundance spread of about 0.2−0.3 dex in
[Ba II/Fe] among members of a given association (see Table 1
in D’Orazi et al. 2012).
Figure 14 displays the comparison of He I D3 line strengths
among stars of AB Doradus (panel a), among members of
Carina-Near (panel b) and between the members of AB Do-
radus and Carina-Near (panel c). In each panel, we pro-
vide the [Ba II/Fe] content of the stars measured previously
by D’Orazi et al. (2012) for the Ba II 5853 Å line using the
high-resolution and high S/N ratio stellar spectra. Panel (a)
displayed for the members of AB Doradus confirms the ex-
istence of a correlation between the line strength of He D3
profile (and, hence, the level of stellar activity) and [Ba/Fe]
values to the level that is discernible among stars of a given
association i.e., among stars belong to the same association,
the star with relatively high level of chromospheric activity
is associated with relatively high [Ba/Fe] values. Inspection
of panel (b) in the Figure 14 confirms that the trend of Ba
II abundances with chromospheric activity seen among mem-
bers of AB Doradus is repeated for the members of Carina-
Near association. Finally, we compare in panel (c) the He ID3
profiles in stars of AB Doradus (HD 32981, HD 218860) with
the Ba-enriched star HD 103743 of Carina-Near association.
The primary evidence that comes from the panel (c) in Figure
14 is the association of very similar measured [Ba/Fe] values
for stars belong different associations to identical strengths
of the He I D3 profiles. The repetition of the correlation of
[Ba II/Fe] with chromospheric activity (line strength of the He
ID3 profiles) among coeval group of stars in a given stellar as-
sociation reinforce that the strengthening of the Ba II/Fe] line
and, thus, the [Ba II/Fe] overabundance seen at young ages (<
100 Myr) is associated with the stellar activity but not with
the stellar age. This novel result from our study evidently
reject previous reports of enhanced s-process nucleosynthe-
sis of Ba with decreasing Galactic age (D’Orazi et al. 2009,
2017; Mishenina et al. 2015) and, thus, the Ba overabundance
measured for young stars, OCs and associations is unrelated to
aspects of stellar nucleosynthesis and Galactic chemical evo-
lution.
A graphical comparison of the mean [Ba/Fe] with the mean
stellar activity index of the associations is provided in Figure
10. The typical star-to-star abundance scatter within the asso-
ciation is very small such that the mean [Ba/Fe] values have a
dispersion of about 0.05 dex, a value slightly larger the scatter
in [Ba/Fe] found for the solar twins.
Inspection of the [Ba/Fe] versus logR′HK for the stellar as-
sociations confirms that the trend of Ba II abundances with
chromospheric activity seen among the solar twins is repeated
for the local stellar associations. The significance of this dis-
tinct trend for Ba II is boosted by the independence of logR′HK
values with the age of associations (Figure 8). More impor-
tantly, the youngest stellar association Orion with an age of 3
Myr has a measured [Ba/Fe] of +0.07±0.05 dex, a value ap-
preciably less than +0.6 reported in D’Orazi et al. (2009) for
clusters of age < 50 Myr. These associations further demon-
strate that the spread about the [Ba/Fe] trend is compatible
with identical spread seen for the solar twins and, thus, inte-
grate well into the indisputable trend of increasing [Ba II/Fe]
with increasing chromospheric activity. The range −0.06 to
+0.1 dex in abundances covered by La, Ce, Nd and Sm rel-
ative to Fe in associations is comparable to [X/Fe] range of
La−Sm in solar twins and, thus, the La−Sm abundances in
associations also confirm that they are independent of stel-
lar activity. The repetition of the positive correlation of [Ba
II/Fe] with chromospheric activity indices for the young as-
sociations and OCs reinforces the impression that exception-
ally high [Ba II/(La−Sm)], as we noted in the Introduction, of
up to +0.3 dex in the young F-G dwarfs of local associations
and up to +0.4 dex in OCs is unrelated to aspects of Galactic
chemical evolution but result from the overestimation of Ba II
abundances by the standard LTE abundance analysis of stars
in the youngest OCs and associations. The trend in Figure 10,
as explained in previous section, likely signals the influence
of turbulent upper photospheric layers in strengthen the Ba
II 5853 Å lines in active stars where the upper photospheric
layers are characterized by stellar activity. Such a stellar tur-
bulence is lessened in inactive and older stars as the level of
stellar activity decays with time.
In a recent study using the high-resolution (R = 48,000)
spectra of pre-main sequence dwarfs in young clusters (<50
Myr), D’Orazi et al. (2017) found that the heavy elements La
and Ce exhibit solar ratios with [Ba/Fe] from the Ba II 5853
Å line being overabundant by up to 0.65 dex. They have
discussed several possible explanations such as the chromo-
spheric effects, departures from the LTE approximation and
the i-process nucleosynthesis and suggested that the last ex-
planation is likely the source of Ba overabundance. But they
“cannot currently provide the definite answer” which we de-
scribe in this paper via an extensive analysis of the solar twins
and stellar associations. Our novel results in this study do
not support previous reports of enhanced production of Ba
via the enhanced s-process nucleosynthesis or by the opera-
Solar twins and the Barium puzzle 13
tion of neutron-capture i-process in AGB stars with decreas-
ing Galactic age (D’Orazi et al. 2009, 2017; Mishenina et al.
2015) and, thus, the Ba overabundance measured for young
stars, OCs and associations is unrelated to aspects of stellar
nucleosynthesis and Galactic chemical evolution.
Barium abundance determinations have been extended to
pre-main sequence stars in the Lupus T association with an
age of about 4 My with Biazzo et al. (2017) reporting [Ba/Fe]
∼ +0.7 for the warmest or K-type stars with Teff ∼ 5000 and
log g ∼ 4.0. This result appears to extend a trend of increasing
[Ba/Fe] with decreasing stellar age among associations and
open clusters. The abundances of Fe and Ba were obtained
from spectra at a resolution of only R ∼ 8, 800 and at this
resolution abundances could not be obtained for other heavy
elements, all represented by weaker lines than their Ba ii coun-
terparts. At present, it is unclear if the Ba abundances of the
Lupus pre-main sequence stars are truly reflecting the com-
position of the stellar atmospheres or are enhanced by mea-
surement errors or have been systematically overestimated
through a failure of classical model atmospheres to represent
the real atmospheres, specifically as suggested in this paper,
by a mischaracterization of the microturbulence around the
photosphere-chromosphere boundary. These Lupus stars are
decidedly the example par excellence where improved spectra
are now required! Then, it should be possible to understand
better the Ba puzzle provided by the very youngest of stars.
5. CONCLUDING REMARKS
In this paper, we have presented elemental abundances for
the suite of heavy elements Ba, La, Ce, Nd and Sm with
La−Sm are analysed for the first time in a sample of 24 solar
twins. With the main goal of investigating the puzzling over-
abundance of Ba at young ages in solar twins, OCs and local
associations, we have exploited high-resolution, high S/N ra-
tio spectra of the solar twins and measured the heavy elements
and chromospheric activity indices on a homogeneous basis,
consistent with our previous studies.
The principal novel results presented in this paper are (i)
the Ba II line abundance correlates positively with the value
of stellar activity index (logR′HK, Figure 10) while other
heavy elements from La to Sm are consistent with the claim
that [X/Fe] is unchanged with stellar activity. Similar trends
among the heavy elements are seen among stellar associations
and OCs with [Fe/H] ∼ 0.0, as anticipated. (ii) the indis-
putable trend of increasing [Ba II/Fe] with stellar activity seen
for the solar twins is also discernible among dwarf stars within
stellar associations (Figure 14) whose members are expected
to be coeval.
The overabundance of Ba II relative to La−Sm in OCs and
associations has been reported previously by us and others but
we are the first to demonstrate that the barium overabundance
provided by Ba ii lines in young stars, associations and OCs is
not nucleosynthetic in origin but strongly associated with the
level of stellar activity. Unlike the strong Ba II line forming
depths (log (τ5000)= −2.9 to −5.7), the average depth of for-
mation for all elements including the weak lines of heavy ele-
ments Ba I, La−Sm is very deep in the photosphere and close
to the continuum forming layers. Within the classical picture
of LTE abundance analysis, a constant value of microturbu-
lence velocity derived from the weak/moderate strength Fe
lines that have formed deep in the photosphere (log (τ5000) .
−1.5.) is insufficient to represent the true broadening imposed
by relatively turbulent upper photospheric layers on the Ba II
lines. Thus, the inclusion of microturbulence derived from Fe
lines in the spectrum synthesis of strong Ba II lines results in
a serious overestimation of Ba abundance. The strong cor-
relation of [Ba II/Fe] with the chromospheric activity is an
indication that the increased stellar turbulence in the upper
photospheric layers of active stars provide significant overes-
timated Ba II line abundances relative to stars with logR′HK
close to the Sun.
We demonstrate clearly that the puzzling overabundance
of [Ba II/Fe] in young dwarfs, associations and OCs is un-
related to aspects of s-process nucleosynthesis in AGB stars
and Galactic enrichment via a long-forgotten neutron-capture
i-process (Mishenina et al. 2015) but has returned from the
overlooked extra broadening of Ba II lines in young stars
where the Ba II line forming layers are more turbulent than
the microturbulence value derived from the LTE analysis of
weak/moderate strength Fe lines buried deep in the stellar
photospheres.
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